with atypical deletions in the 22q11.2 region: 1 distal deletion and 1 central deletion). In one case with a typical 22q11.2 deletion, a familial balanced translocation was detected. In another case without a 22q11.2 deletion, a 6p duplication concomitant with a 9p deletion was detected by CMA. Clinical data are reported and diagnostic investigations are discussed. Essential aspects for the understanding of different diagnostic techniques of genomic imbalances are considered, and the 4 cases described underline the complexity and the difficulties involved in the diagnostic process. The approach is informative for clinical practice and may be applied in other contexts of genomic imbalance investigation in microdeletion syndromes.
recurrent and known as microdeletion syndromes, some of them already well established and clinically recognizable, e.g., the 22q11.2 deletion syndrome (22q11.2DS; OMIM 188400]. This stands out as the most common microdeletion syndrome, with an incidence of 1/4,000-1/5,000 births [Swillen et al., 2000] . The main features of this syndrome include congenital cardiac malformations, palatal abnormalities, common facial dysmorphisms, immunodeficiency, neonatal hypocalcemia, learning disability, and development delay [Fernández et al., 2009; Monteiro et al., 2013; Vieira et al., 2015] , indicating the need of healthcare specialists.
Because of clinical heterogeneity, 22q11.2DS is not always simple to detect [Monteiro et al., 2013] . Moreover, depending on the genetic test used, a negative result may not completely disregard the diagnosis, requiring further investigation in cases of persistent clinical suspicion. For many years, FISH was considered as a "gold standard" for detecting this microdeletion [Fernández et al., 2005; Oh et al., 2007; Sgardioli et al., 2015] . Currently, new targeted techniques such as MLPA, analysis of polymorphic DNA markers, real-time PCR, and quantitative fluorescence PCR have been used in screening 22q11.2DS [Swillen et al., 2000; Jalali et al., 2008; Vieira et al., 2013] . Each one has advantages and limitations (GeneTests; https://www. genetests.org/).
In addition to these, chromosomal microarray analysis (CMA) technique, aCGH, or SNP array detects GIs throughout the whole genome using a single test. Currently, this is indicated as a first-tier test for diagnostic screening of patients with multiple congenital anomalies and/or intellectual disabilities [Miller et al., 2010] . CMA is widely available in genetic laboratories and has been the preferred choice for the diagnosis of a 22q11.2 deletion in some countries [McDonald-McGinn and Sullivan, 2011] . This technique, however, does not allow the identification of balanced chromosomal aberrations or low-percentage mosaicism, both being the main complicating factors for genetic counseling [Bi et al., 2013] .
Considering different options for 22q11.1DS diagnosis, this study presents some aspects in understanding the different techniques for the investigation of GIs and reports 4 cases that showed the complexity and difficulties involved in the process of diagnosis and, therefore, requiring different techniques.
Patients and Methods
From August 2014 to December 2015, 39 individuals were registered in the Brazilian Database of Craniofacial Anomalies/22q11.2 Deletion Syndrome (http://www.fcm.unicamp.br/ fcm/en/cranio-face-brasil/projeto-cranio-face-brasil). For clinical evaluation, a standard protocol based on clinical criteria for suspicion of 22q11.1DS was used proposed by Monteiro et al. [2013] . The biological samples were tested by FISH and/or MLPA techniques for 22q11.2 deletion screening, and 15 cases were also tested by CMA.
Cultured peripheral blood lymphocytes were used for FISH technique as well as for G-banding. Genomic DNA extracted from peripheral blood with the NucleoSpin ® Blood XL kit (MachereyNagel GmbH & Co. KG) was used for MLPA and CMA, according to the manufacturer's instructions.
Fluorescence in situ Hybridization
Probes used for the 22q11.2 region were DiGeorge/VCFS TUPLE1 + 22q13.3 Deletion Probe Combination (Cytocell Aquarius ® ). Hybridization and washing procedures were carried out according to the manufacturer's instructions. One hundred interphase nuclei per sample were analyzed, using a BX51-BF-II/BX2 fluorescence microscope (Olympus ® ) with appropriate filters, and the images were recorded with the FISHView software (Applied Spectral Imaging ® ).
Multiplex Ligation-Dependent Probe Amplification
The P250-B2 DiGeorge (MRC-Holland MLPA ® ) kit was used according to the manufacturer's protocol. Results were analyzed with the GeneMapper ® software (Applied Biosystems TM ) and data were processed in a Microsoft ® Excel spreadsheet, elaborated specifically for this kit by the National Genetics Reference LaboratoryManchester (http://www.ngrl.org.uk/Manchester/projects/informatics/mlpa).
Chromosomal Microarray Analysis
This technique was carried out with the Cytoscan 750K or Cytoscan HD (Affymetrix ® ) according to the manufacturer's instructions. Analysis of the results was performed using the Chromosome Analysis Suite software, version 3.1.0.15 (r9069) (Affymetrix). 
Results
Among the 39 individuals registered in the period of this study (14 males and 25 females), ages ranged from 4 months to 23 years. The main clinical signs which led to suspicion are described in Table 1 .
Using MLPA and/or FISH techniques, we found deletions in the 22q11.2 region in 10 individuals (25.6%), 8/10 (20.5%) with the common 3-Mb deletion and 2/10 (5.1%) with atypical 22q11.2 deletions. In 4 cases, we found unusual results. Among these, in 2 cases, karyotyping and CMA revealed abnormalities in other genomic regions; in one case, MLPA revealed an atypical distal 22q11.2 deletion, and in another case, CMA revealed an atypical central 22q11.2 deletion in a patient without clinical suspicion. These 4 cases are described as follows.
Case 1
The proband was referred for genetic testing at 2 years and 9 months, presenting with congenital heart disease and dysmorphisms. At birth, the girl's weight was 2,210 g (<3 rd percentile [<P3]), height 46 cm (P3), and her head circumference was 30 cm (<P3). She had recurrent pneumonia and gastroesophageal reflux as well as motor development and speech delay (she walked with 23 months and uttered first words at 27 months).
At the age of 2 years and 9 months, her weight was 9,530 g (<P3), height 81.5cm (<P3), and head circumference 45 cm (<P3). Clinical evaluation revealed a tubular nose, retrognathia, question mark left ear, retracted columella, short nasal filter, thin lips, bifid uvula, widely spaced nipples, long and proximally placed thumbs, and an accessory ligament on the fifth finger ( Fig. 1 A, B ). The patient also had a nasal voice, speech and motor delay, behavior disorder, agitation, and sleep difficulties. An echocardiogram revealed small muscular interventricular communication and atrial septal defect. Nasofibroscopy revealed velopharyngeal insufficiency. The G-banded karyotype showed an apparently balanced translocation between chromosomes 3 and 16: 46,XX,t(3; 16) (q23;p12) [20] ( Fig. 1 C) . CMA revealed a 22q11.2 deletion of 3 Mb: arr[GRCh37] 22q11.21(18916842_21798907)×1 ( Fig. 1 E) , confirmed by FISH ( Fig. 1 D) . Other GIs were not found by CMA, suggesting that the translocation is balanced. The same translocation was found in the father's karyotype.
Case 2
This patient was referred for genetic testing at 9 years and 11 months with subtle facial dysmorphisms ( Fig. 2 A,  B) , congenital heart disease, and a nasal voice. Medical records revealed surgically corrected hypospadia. At birth, the boy's weight was 2,500 g (P3), height 47 cm (P3), and his head circumference was 34 cm (P3). Motor development was adequate; however, he evolved with attention deficit hyperactivity disorder and dyslexia. At 11 years, his weight was 48.8 kg (P97), height 147 cm (P75), and head circumference 56 cm (P75-97). Dysmorphology evaluation revealed fifth finger clinodactyly and flat feet. An echocardiogram revealed a ventricular septal defect, and abdominal ultrasound showed a bilateral inguinal hernia. X-ray of the spine showed an S dorsolumbar curve, scoliosis, and lordosis. The G-banded karyotype was normal. MLPA technique identified an atypical distal 22q11.2 deletion, including HIC2 , PPIL2 , and TOP3B probes ( Fig. 2 C) .
Case 3
This patient was referred for genetic testing at 2 years and 1 month. At birth, the boy's weight was 2,890 g (P10-25), height 46 cm (<P3), and head circumference 37 cm (P75-97). Motor development was delayed; he sat up at 9 months, walked and spoke monosyllables at 2 years of age.
At 2 years and 1 month, his weight was 7,600 g (<P3), height 68 cm (<P3), and his head circumference was 45 cm (P50). Dysmorphology evaluation revealed a high forehead and frontal hair whorl, thickened metopic region, lateral third rarefaction of eyebrows, shallow orbits and supraorbital ridge, short and slightly oblique palpebral fissure, short columella, short nasal filter, hypoplasia of the nasal wing and anteverted nostrils, everted upper lip, and downturned oral commissures ( Fig. 3 A) as well as a high palate, long fingers, bilateral single transverse palmar crease, absence of distal transverse flexion creases, overlapping and long toes, limited extension of the elbows, dimpled chin, knees, and elbows. His voice was considered dysphonic. Nasofibroscopy revealed an adhesion in the middle and early third of the vocal folds. An echocardiogram detected a patent foramen ovale and physiological pulmonary branch stenosis. Abdominal ultrasound showed left-sided pyelocalyceal dilation. Bone inventory evidenced a left radioulnar synostosis and an abnormal position of the left fibula. Due to multiple congenital anomalies, without a specific etiologic suspicion, investigation initiated by karyotyping, which had normal results, and CMA identified an atypical central deletion of approximately 600 kb in the 22q11.2 region: arr[GRCh37] 22q11.21(20716876_21800471)×1 ( Fig. 3 D) , confirmed by FISH with BAC probes ( Fig. 3 B) and MLPA ( Fig. 3 C) .
Case 4
This 3-year-old patient was referred for genetic testing because of multiple congenital anomalies. At birth, the girl's weight was 2,430 g (P3), height 46 cm (P3), and her head circumference was 32 cm (<P3). Neuropsychomo- tor development was delayed (she walked at 24 months, spoke words and phrases at 26 and 36 months, respectively, and acquired complete control of the bladder and anal sphincters at 6 years). Dysmorphology evaluation at 8 years of age showed slight thickening of metopic suture; facial asymmetry without craniosynostosis; asymmetric, low-set, and dysmorphic ears; port-wine stain on the glabellar area; arched, thin, and laterally enlarged eyebrows; mild synophrys; ocular hypertelorism; short palpebral fissures; convergent strabismus following abducens nerve palsy (cranial nerve VI palsy); a depressed nasal bridge and root as well as a nasal tip with a square shape; small mouth; long and faint nasal filter; everted lower lip; malocclusion; slightly wide central upper incisor; high and narrow anterior palate; posterior palatal fissure; short webbed neck; ligament laxity in hands; slightly clubbed thumbs; shortening of the right fourth and fifth metatarsals and the left third to fifth metatarsals as well as overlapping of the left fourth and third toes ( Fig. 4 C) . She also presented with motor and language delay, nasal voice, intellectual disability, attention deficit hyperactivity disorder, and somatic growth deficit. At 9 years old, her weight was 21 kg (P3), height 108.5 cm (<P3), head circumference 51.8 cm (P50); dysmorphisms were still present. MRI of the skull identified a mild reduction in the thickness of the corpus callosum between body and splenium. Abdominal and pelvic ultrasounds revealed left renal agenesis, confirmed by renal scintigraphy, excretion urography, and abdominal CT. Echocardiogram and skull X-rays showed normal results. Following complete evaluation and registration in the Brazilian Database on Craniofacial Anomalies/22q11.2 Deletion Syndrome, the patient fulfilled the clinical criteria proposed by Monteiro et al. [2013] for investigation of 22q11.2DS. The G-banded karyotype was normal, and FISH was negative for 22q11.2 deletion. CMA identified a duplication of approximately 11.5 Mb in the short arm of chromosome 6: arr[GRCh37] 6p25.3p24.1(156974_11629164)×3 ( Fig. 4 I) and a deletion of approximately 14.9 Mb in the short arm of chromosome 9:
arr[GRCh37] 9p24.3p22.3(203861_15125789)×1 ( Fig. 4 J) . Karyotyping was repeated and revealed a derivative chromosome 9: 46,XX,der(9)t(6; 9)(p25.3;p24.3) [20] , confirming CMA results. The maternal karyotype showed a balanced translocation: 46,XX,t(6; 9)(p25.3;p24.3) [20] ( Fig. 4 E) . Karyotype results were confirmed by FISH ( Fig. 4 G) . 
Discussion
With technological advancement and the current availability of different genetic testing methods to investigate GIs, it is necessary to be informed about their applications, advantages, and limitations, allowing a fast and accurate diagnosis of patients with clinical phenotypes possibly caused by a GI.
22q11.2DS is suitable to illustrate this approach because of its high prevalence and clinical heterogeneity . Its clinical suspicion may be difficult; therefore, accurate and precise clinical methods are fun- The facial appearance shows mild asymmetry, arched eyebrows with mild lateral enlargement, mild synophrys, epiblepharon, a port wine stain on the glabellar area, short palpebral fissures, convergent strabismus to the left, low nasal bridge, square nasal tip, faint nasal filter ( A ), as well as low-set and dysmorphic ears, everted lower lip, and a short neck ( B ). The patient's hands show slightly clubbed thumbs ( C ), and her feet show shortening of the right 4th and 5th metatarsals and the left 3rd-5th metatarsals as well as an overlapping of the left 3rd and 4th toes ( D ). E Chromosomes 6 and 9 showing the derivative chromosome 9: 46,XX,der(9) t(6; 9)(p25.3;p24.3) [20] . F FISH analysis of BAC clones of a partial metaphase with a signal for the probe of the 9p24 region (RP11-48M17) marked in red and 2 signals for the probe of the 9q34 region (RP11-644H13) in green (indicated by arrows), revealing a partial deletion of the short arm of chromosome 9 in region 24. G Chromosomes 6 and 9 of the mother showing a balanced translocation: 46,XX,t(6; 9) ( p25.3;p24.3) [20] . H FISH analysis of BAC clones of a partial metaphase with 2 signals for the probe of the 9p24 region (RP11-48M17) marked in red and 2 signals for the probe in the region 9q34 (RP11-644H13) in green (indicated by arrows); however, this result shows that the region 9p24 is located in another chromosome and confirms the translocation revealed by karyotyping. I CMA hybridization profile of chromosome 6 of the patient showing a duplication of approximately 11.5 Mb in the short arm of chromosome 6: arr[GRCh37] 6p25.3p24.1(156974_11629164)×3. J CMA hybridization profile of chromosome 9 of the patient showing a deletion of approximately 14.9 Mb in the short arm of chromosome 9: arr[GRCh37] 9p24. 3p22.3(203861_15125789)×1. damental in achieving diagnosis, treatment, and management. Follow-up care with a multidisciplinary team, according to each patient's needs, as well as adequate genetic counseling for the families are necessary [Oskarsdóttir et al., 2004; Oh et al., 2007] .
Patients with clinical suspicion of 22q11.2DS are often seen by several medical specialties and health professionals. Lack of understanding about limitations of each diagnostic technique by these professionals may lead to difficulties in the interpretation of the clinical results. In this study, 4 cases exemplify the necessity of a combined diagnostic approach, using appropriate and complementary techniques.
In case 1, karyotyping was the first test performed and revealed a reciprocal translocation apparently balanced and inherited. Although this chromosomal abnormality probably does not have impact on the phenotype of the patient, it could be interpreted as causative by nonspecialists, delaying the diagnosis. On the other hand, this translocation revealed the possibility of new unbalanced rearrangements in the couple's offspring recommending genetic counseling. CMA revealed a 3-Mb microdeletion in the 22q11.2 region, which was confirmed by FISH. This technique was used for diagnosis and also to detect other GIs possibly associated with the chromosomal translocation. It was performed since approximately 30% of the cases harboring reciprocal translocations present GIs associated to the breakpoints [Baptista et al., 2008] . Thus, different approaches were necessary for a complete diagnosis and also for providing clarification for the family. The identification of a chromosomal translocation would not have been possible using only CMA or MLPA, which would only have detected the 22q11.2 deletion. One of the limitations of these techniques is the inability to identify balanced rearrangements [Bi et al., 2013] .
In case 2, with a normal karyotype, investigation for 22q11.2DS was performed by MLPA, revealing an atypical 22q11.2 distal deletion. This microdeletion could not be identified by FISH with the probe commonly used for the proximal 22q11.2 region, confirming that MLPA is quite effective in detecting atypical deletions involving smaller and variable regions within the 22q11.2 region [Fernández et al., 2005; Jalali et al., 2008; Molck et al., 2013] .
In case 3, considering the presence of multiple congenital anomalies and a normal karyotype, CMA was the approach initially chosen, which revealed an atypical central deletion of approximately 600 kb, confirmed by MLPA. This case demonstrates the wide clinical heterogeneity of deletions in 22q11.2 region.
In case 4, with a previously confirmed normal karyotype and no detected deletion in the above-mentioned region tested by FISH, CMA identified a duplication of approximately 11 Mb in the short arm of chromosome 6 and a deletion of approximately 14,9 Mb in the short arm of chromosome 9. Because of the large chromosome segments involved, usually visible by karyotyping, G-banding was repeated, which confirmed CMA results, and revealed that the mother had an apparently balanced translocation. In this case, the first karyotype was normal (false negative), probably because the regions involved have similar lengths and the banding patterns make diagnosis more difficult. Furthermore, the cytogenetic resolution of the previous test may not have been adequate, which is a technical limitation [Bi et al., 2013] .
Case 4 demonstrates the spectrum of clinical findings in different genetically determined conditions. Some studies report patients with a 9p deletion presenting with facial asymmetry, hypertelorism, short palpebral fissure, strabismus, asymmetric and dysmorphic ears, wide nasal bridge, long nasal filter, high palate, malocclusion, and psychomotor retardation [Freitas et al., 2011; Recalcati et al., 2012; Spazzapan et al., 2016] . Whereas patients with a 6p duplication are reported having language disorders, motor delay, and intellectual deficit [Vermeesch et al., 2004] . There are only 2 cases reported in the literature with 6p duplication concomitant with 9p deletion. In both cases, the patients present alterations as described above, including a short neck as well as hand and foot abnormalities [Eden et al., 1985; Lytle et al., 1989] . All these clinical features are present in patient 4, and many of these signs have already been described in 22q11.2DS patients, which restate the clinical variability of this condition.
The present study reinforces the difficulties to request investigation and to diagnose the cases with 22q11.2DS suspicion, and describes the application of different techniques that may be used for investigating microdeletion syndromes. Targeted approaches, such as FISH, real-time PCR, analysis of polymorphic DNA markers, and quantitative fluorescent PCR, though well established and fast, are only effective in detecting common deletions [Fernán-dez et al., 2005; Oh et al., 2007; Molck et al., 2013; Vieira et al., 2013; Poirsier et al., 2016] . Thus, negative results may lead to false negative diagnosis, since atypical 22q11.2 deletions may occur [Beaujard et al., 2009; Molck et al., 2013] .
In this context, MLPA is a more effective technique for the diagnosis of 22q11.2DS, and identifying typical/atypical deletions, these in smaller size and/or variable regions within the 22q11.2 region [Vorstman et al., 2006; Molck et al., 2013 Molck et al., , 2015 . MLPA detected 4 deletions of 3 Mb and 1 atypical distal deletion that would not have been detected by FISH. In addition, it confirmed 1 atypical central 22q11.2 deletion, initially detected by CMA. However, MLPA is also a targeted approach and limited to the detection of approximately 48 genomic regions. In this way, GIs outside the 22q11 region or at loci not represented in the MLPA kit, as well as balanced chromosomal aberrations, cannot be detected.
In the US and in European countries, CMA is an effective widely used method detecting 22q11.2 and other GIs [McDonald-McGinn and Sullivan, 2011] . However, an overall agreement has not yet been found for its use in detecting microdeletion syndromes. In general, a targeted approach, such as FISH or MLPA, is only used when there is a very strong suspicion of 22q11.2DS. In Brazil, FISH and MLPA have been used for specific screening of 22q11.2 deletion, using CMA just for cases with negative FISH and MLPA results, mainly because CMA is still too expensive [Jehee et al., 2011; Vieira et al., 2013] . This approach has been adopted as a low-cost strategy by our research group.
The geneticist may carry out the research and individualized genetic counseling of all cases, which frequently requires the evaluation of the parents. In cases of unconfirmed and maintained suspicion, other strategies should be considered by the genetics expert.
It is worth mentioning that in many cases in spite of technological advancement, karyotyping should not be discarded, especially for the parents. It can be the key tool for genetic counseling as seen in 2 of the 4 cases presented in this study .
Understanding the complexity of the 22q11.2DS diagnostic approach, from clinical suspicion to diagnostic confirmation -and its specific challenges -make the present article relevant for various health professionals. They will be in the front line, indicating and interpreting findings, always aware of limitations and clinical consequences of each result.
